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Chapter I 

umowcsioji 



Becauee of lt« wi<ie»pre«a «»« as a 5JorK>encreetlo neiiitrori 
source of variable energy, nearly all ptiases of tho reaction 

have been inveafctgateO thorooshly (Gibbon* and Hewson, 
I960)* Meaeurejaants of the value of tho polarlaafcloa of these 
neutrons, i.e., the Cegrec of systerrattc ostentation of their 
spina, began In 195^ (Millard, Mir, and Kli^ton, Adair, 

iJarden, and Fields, 195^1)* Because the cross section for this 
reaction la large and the polarisation of the etidLtted neutmna 
Is hi£^, the reaction since has served as the nost frequently 
used source of polarised neutrons. As an exairisic of its -use, 
Elwyn and lane recently determined tfts «asriltude of the spin** 
orbit Interaction for neutron scattering from seven light nuclei 
{1962) and Elsyn ^ for four heavy ones (196^). A source of 
neutrons with wall defined polarization is essential to this type 
of scattering ®xpcrX'.,5ent. 

Ejtperlnents to dcterri.no the polarisation produced In 
this reaction have been performed at proton energies €roxi just 
above thresiiold at I.88I ?<eV to 10 HeV, For cncr^leo below 5 
WcV the polarisation b&a becsn obtained jx»st extensively for 
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=50® Ilyich etaission ancl« the polarlisatlosi 1» relatively 

higiu 1&C value of the polsriz tioa ft thl» an^^ie is filrly well 
knowri except In the rcg;ion froa a1x>ut 3 to ^ KeV (Fl£?^re 1), In 
t.^is recloa no extensive, hltj^-accuracy expcrljaents have toe^n con- 
ductcCi previously, ©ne <KS^cts ttiat rspld variations amy occur la 
the polarieatlon >>t the energ:ica i:^ar narrow resonances In re- 
sotlon cross sections such as at 2.C5 In tl^ Ll^(p,n)Be^ r^ - 
action. ^hl» indeed was o'oscrved hy Kli^'ji nd L ne (1962). 
fljo\*e 4 l^eV the results of ea^riEientB l?y Q ickcr end Jones 
(i960) fnd Bctieasoa, Hi y, ^n<S W' Iter (1962) re consistent wlta 
the effect of the hro-d x^eiKsnahce pt «bout 5 Xt is w**!! 

known that the total cross section is essentl ily const* nt in the 
3 to 4 HeV region (Qtbfeooo and Hewson, i960), Secause no narrow 
x^8on~nccs h ve been obeerved in tMs rogion, it is to be cs^ect- 
ed th&t 1 rs^e fluctustions in the polt ri*»»tlon will not occur. 
However, in the 3 to 4 HeV re^^on the reported v lues of pol ri- 
xatlon are st tlstlcaily inconsistent with tnis c3g)ectatlon. 

The Burm ry of ?aeasui:'c?Bcnt» s^toim In Figure 1 indie tes large 
rapid v^-rl-tions. If on^ con&ldere only U/« Balcker nd Jav'S 
{i960) V lues, slow Vvrl tion e®n«*ally is observed. However, 
duo to the i-rgs at tistlcal ,nd systeci. tic luicert Intlcs, which 
wore quoted by t.iess eut»iorc, the actu 1 -'i. gsuitude of the pol*ri- 
Xvtlon is 30.7tcwfi>t ursdetc rained , Coricluslona drrwn frox eaipcri- 
saents Wnlch employed the Ll^(p,n)Be*^ rcrction '*8 u source of po- 
larised neutrons h d to be tc£|>;red by t*.e»c uncert /inties and 
discrep ncles. 

* 11 agics «r.d sncrgics ore in 1 bor-.tory system u.i- 

lesa otherwise sp-'Clfied, 
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Fl^VTO 1 



0f Previous r«perlmot» on PoXssricstlon of 

He-utrojis “ mlttc'd In th® Hosetlon All data waa 
takvn at m an^Xv% relaUiv® to the proton heats axis ^x- 
c pt t.at of ' and LajK wJilch «aa tak-n at 51®. 
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In order to cl rli^ twl© Bitu tlon, ceur we auivjwents 
were ».de «t cix In tlifi region 3 to ^ ’••V j^c .ctlo»i 

4 -n^e of 50®. A solenoid WiO n»ed to rot.* to t-e pol? ri2S8tlon 
rector Fj_ of fcns; neuti*on bcisa eo tisi-fc asecii^nle.. 1 asyCTsetriec, 
whlcn ric® due to tine xotetion of t^to detector©, were, 

elisdn .tod. El. Stic scattorins fx^osi helluc. enclosed at i^lsh 
preceur® In - t>iin*if...ll€fd cell wao used as *n tn lyter, Sy rt - 
^tuirtfig «. oolnctdonce 6c tween t;i® iiellua scattered neutrons minx 
tno recoil alpha particles, 6ackg3?ound was reduced to atout 5 
percent . 
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Chapter II 



foras&l tlieory of poisrisation <sf nucleon bcarac is en- 
tirely q'ja&atus Rtecharlcal in nature «n4 cannot S>« cxplaln^’d irae- 
ccsssfully by oeiniclaoslcal rcnsonins, Sir*ce a pres-'ntatlon ©r 
the theory at thic level is beyof«3 the scope of tnio paper, th.« 
theoretical results arid an expisnstion of tlm princlplec as they 
apply to the present •jtpertment will be th« pri jary subjects of 
this chapter, Tbj& reader who is interested in a d€st ailed d5,acu*- 
sion of the general theory can consult Walton (1963) w>ose treat- 
mnt of the topic is general aod thox'ougJi, Very li<:aited, but 
lasrc easily ui»deratcx)d discueslons are to be found In edvaneed 
nuclear physics texts. (Tec for exae^le Bot.nc and DbrriBon 
[1956 ] and Preston [ 1962 ]. ) 

PolorisKitioh of nuclei and nucleons I’cferc to the ozi,on- 
tatlon in space of their spins, k besja of oeutrono is polorlzed 

if the spins have a pref’^rred direction in space as opposed to 

'nuc/cov 

randoja ordering, Ariy'^bea^ can be looked upon as being conprised 
of a coclilnation of two spin states wiicn wre referred to as spin- 
cyp and spin-down with respect to given axis. The of po- 

laj*isatlon ia defined as 
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P, « <H ~N )/(N +N ) 
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8^ refers to tboo® neutrons with spin-i:^ »nd to 
fmae with spin-dot^. 

In the case of poiarlsatlon in slHStic scsttering, i*l*iich 
corresponds closely to polarisation in inactions, the polaris*- 
tlon of the scattered neutrons can fee procSlcted optical sodel 
theory If a i^ln«orfeit tera is added to ti^« potentlsl used to 
describe the interaction, fiiere Is a i^encral agreement feotween 
predicted polarisrtions end eaperteentai values^ but precis© 
quantitative reeults as yot have not been obtained. It is inter- 
esting to note that "spin-orbit coupling in t^i« shell mdel is of 
the earn si^ and «pproxls9ately tiws sasss mgnitude that used 
to calculate polcris' tions ia the optical nodal" (ERscriCii, 1963). 

Soth the incident proton© ^d fcne nuclei ^re nor- 

dclly utipolarlwed in u reaction X(p,n) 2 f, However, the out coin** 
neutrt^n® ere usu lly polrria&sd b«c:.u»e of the stroisg spin-orbit 
coupline i» nuclear roaottono (Hsebcrli, I963), In contrast witht 
the oorrespondiaG coi^Iimi in t!tc case of ..toiuiic electrons, tive 
nucloer «pln-oi'bit interwction is not electronsgnetlc In orlcin 
(globcrg, 1961). TIt;© Inter * ctlon lo i i*eou.lt of nuclear forces 
but is r,ot well understood. Due to spin-orbit cmq>llng, inter- 
feronee occiirs between cliff es^ent p'^irt'iMl wewe involved in t-i© re- 
action; iKJlaris tlon I'esulta. 

In the re-sctlon X(p,n)Y tum n caitude of the pol'«ris - 
tion oepende upon both tt*© proton eners^ tliO r’fcctlo-n ngle 
6^ (Fl*:;urc (2). Tri«j degree of polsrls tion c, n fee cxpresccd ss 
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Fig^ire 2 

Gsrotaefcry of Double Scattering foXecrization Eapcri- 
m'nts. WyxiOf^mr„jitle ciiarc'^d partlcieo arc incident on the 
tai^£et• fho»® neutron© n^ileh are 'knitted at an an^jle e, 
are incident on the sciitt'rins sanpla. In turn neutrons 
i^ch arc deflected tiu’ough an anig^e O2 detected at 

<p=0 and (p=iT_^ 9 yticr*> <p i» tho angle between tho unit 
vectors Bt and Bo, *The»c unit vector® arc in trie direction 

kp X kp and kyj x k*jj resgscctlvels^ where the arc the 
e&ncntum vectors of th© charged particlco srsd the ^ 5 rg?e«t 
««Kl scattcj'Od neutrons. 
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(EactK^rli, 1963) 

^ (I) 

P,(e j> « C IA(©,) 1 \ \e^) (2) 



wC»ere o-(©|) is the <Ilffei'onttal reaction cross section and 

coc^llcafcod coefflcientB depend upon th© reaction. The 

upper llnjit on the index of susosaction is dependent upon the lar^.- 
est effective value of the total anjular noEwntir; end t;.' Ijici- 
dent and final values of tb& orbital anijular mo.'«Msnt.‘ 3. Fron syrs- 
actry ar^girafints it can be shown that the polarisation produced in 
the out^oias neutron bean in peri)endlculer to tac plane i^nlch con- 
tains initial and final raonontuis vectoro, the so-called re - 
action plane, Tiie positive direction of polarisation is a -«tter 
of definition and in accordance with the Basel Gonvntton (Fijn, 
1960) will be taken as 



|) are the associated endive polyn^Hsiala. The are 






(3) 



wSiere the k i^epresents tlie saonsentusa vector of the paspticle and 
the wabscrlpts refer to the incident proton a«d out^ln^ neutron. 
Since neutt'on detectors are insensitive to the orienta- 
tion of the spin vector, one cannot cseasu:*© tiw polarisation di- 
I'ectly, The scattering of unpolarlsed beans is asissuthally cyia- 
jaetric about the incident bean axla, but the differential cron® 
section for acattei'lne polarised neutrons depends on the aslmthal 
angle , l^iis property of ruiclear elastic scattorlnjj casi be uti- 
lised to dotect polarisation in a neutron be^am. 
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Tlie «OK&lttvlty of nucleai" elaetlc ccattcrinij, to 
poXariSi'ttioa of the Incident £>c»cira ia called crjalyKltii, pow*r 



of t^Mft scattor«i.‘, aiuiiysin^ power Pg i» definod prop« rly a» 

the polarization wliicn tdould rrsult In the claatic zcattfcrlri^. of 



an initially ui:^larlsis<5 bean, Ite direction is 

kyi X k 
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titjero the prliae donotee the zcuttered neutacoa. The differential 
crooa aec felon for the scat feering of polarized nautrona 1» (Eaebor- 

u, 1963) 

crCOg, V>) “ 0 ’?2) « 0y 

If Measuresaenfez of neutron intensltieB are smde at T = 0 (rig^»t) 
and p~7T (left), fros Ei^oafelan (5) it follow© tnat 

wlilch directly yield® 

PjPg “* (t~ 0/(^ ^ 



£ is called tlie rl^.t»left ratio ^ 

Since in detcrtTlnii^, fe..e polarlaation one can aeamire 
only the aayianKitry ^ 1 ^ 2 * know or be able to calculate 

the analyzing power Pg. fliis Is on© of the laosfe critical prob- 
lcEJ« in polerizatlofi expcrlraent. For .-jost nuclei the analyz- 
ing power is still unknown, can bo calculated whenever the 
ocattcrint- p^iaae shifts are kno?m, arwl tlicy are best known for 
li^t, spinless iTuolei, For this reason lle^, C and 0^*^ 
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aiM? ujied nsoift often gs polarisation anal^'ser*. For tneio spln- 
Boro nuclei* ti«j partial wave corre»pon<Jli'^ to f ,iven orbit. 1 
»7i£?Jlar txssientiM can 'wive only tn» p^iaoe •I'ltft#* eorr spond- 

ins to Jl * ^ i ^JL to 4 “ X - yiicn elastic ccaitt-rlnr" 

is tne only proceaa invc-lvcd, ph&&o sJilfts ere real. In the 
particular cane of spin-ssjro nuclei, the .polarisation tsoconc# 
(ftaeberli, 1963) 

?2 *-2l«fe‘h)/(fat^ 4 Ih?) 

8»0A)Sfj (c<»8) S*®^»<i^^)+X>in^5,’»ns(lO > 

h - (1 A rj'> (ca 0 ) sin (S* - 5,') «» p i * H S"), 

k is the neutron wave naaber, Ji is tk^e orbital mc^lz^r mnentvri 
flp^tira mraber, and ® ) end (erne) are tn« cardlnary • nd 
associated Legendre po3.yTiORlal© X'eep^tiv’ely* It should be rsot«fd 
that the dertoaiSHStor is Just the diffei'ential cross ofc'Ction ».nd 
that this i*osulfc Is of tiie fox^ of F^uatlon (2)* If errors exist 
in tiso jfenasc shifts, they are csrrelatod in . conpllcatcd my in 
Equation (8), Sec use of this it ia very difficult to esfcln te 
the accuracy of tlie sn Xysing. power detci^nilncd iii tluls aanner. 
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Ch pt«r in 

FF^jR'TRr^ kd mocmmB 



The app’"r.tu» peculi i* to pol n^JLSurtrr'rjt w‘,*3.e 

w-a ii9C'<5 in tni» esipt'rl^nt i«s.» de-sigi'ioci by F,0, arsd 

J.H. f^rwers of t!it8 labor-' tory. 



?oceierator -r< 5 Targets 

Protono were aocGl*r ’t«d by t g IXjik* Oniversity 4,0 VV 
V'»« de Or ff ^Icatroststlc t’-snerstor and vere Tso'^ntvm nsiyeM 
by n eleetro.5 gnetlc filter. Tbe resulting mao»nercJ^tlc pro- 
ton besa was# incident on • litniutj tar£;et. h precision 1 

voltaoter witn • ^jiener- ting voltneter was to deterr4ne the 

proton energy. ©ysto-a in iinoar over toe rctfioa inwBtlS' t- 

ed tnd la very stable (•iollancoworth, Bucci lo, nd JBeirlnston, 

19C4), The volttaefcer Wf 2 » calibr»t«>d o-'-vcral tisaes dtirino 

tlis course of tiio ©acpcrlraent iisins the known t jpeehold «t 1.831 
HeV for the Li’^Cp^rOBc'^ reaction. 

The Xitni^ja tergete wer» pr<rpared by ©vapor-- tln^ litlilm 
flourlde onto tant'la* becking or ^'ctid ceps*. T*5i\et tvilckncssc-s 
irT'j detcivined trie riss curve isethod (Tasc*iek erwS Hoarsondlnn,*^', 



(X 4 ) 



19^)* Ter;:et 0 aver- cjl’C sbout £0 keV to protonc at tua cntr^i 
of tii® pirtici/lar »aeaoureJ8K?rit e.-^^ployed. Becouae of t.,« rol- 
ttlvcly 1. rg® proton current of five .tiicroeiaperta. It i»es naccc- 
cary to cool the ttr^cts by sprajin^, water o» to tm Ovitside of 
tlv« en<3 cjrp, 'Tne and capo wcini} soaped at fi.xQu«rit Intarv 1« to 
prevent sssincral© In t.^e w'-tcr fi’oa depositing on tiT(*n. 

** Typical -nniyiRing Syetesi 

♦. typlcjl «,'rr* Sor polijrlsutiOA i» &,v©wrs 

in Fljur^v 3« T*J.» Id not Uic oyotou w^iic-4 w- s used i.; t.^'h pre- 

aaat experiruont, tut t**ls »®t^ forcaj the taois bo^t w^.io.v. our 
sw T&tuz w«4« desl£r»oo. 

In order to Vue v.»c neutrons k.41c» 4 w**i 

Cwlttou at I* •UttJLc 9^ ra : t,.© reaction iii7(p,a)Bc^ ®re iaclC<Hit 
on ecctterliie. »«r.pie aa s.u>wri, f.ie oeteotor la rot teO Iroa 
f »a V = o v^*lU‘t) to t*^e y> : 7T (left) position. In eacu po-' 
siViOii tii® neutron intensities are sse^surtej tu€ 6Sy*^retry is 
determined fro« i^Qu^^tiou (?)# 

^,^2 , (7) 

vn,ercr *^**^c^*^' laie ojUod roq^uiios fc;. -t t^»?i aonitor be 
ii»ed so V.i t t'*« satje ntu»ter of protons is inciaent on t*aB iitu- 
iuai tar.^et for »• o i «bkk' surex^ieiit of Intetvsity. c*urrent inte- 
teP'tor en,» bo used for tv.is purpose. 
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Ft^Ti-re 3 

for Bio s\irlns lA^ip,n}Be^ 
llctitron Fol rls-itlorv. 



T^Tpic 1 
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Tfjif for mcGrCini, - given o£ d t e ■.■■ he -.* Iv- 



Hi If %m detector* uaed ratuer one. In t. a. “tsple 1 
-rs? njee^nt* tney i»uld be rTOtintod efc y--o xko y> • if. Y e dc« 
troclors prob-.bl 3 ? irill iiot; n...ve t:i« w&jtsi detvcbion efricterasy} .4W»- 
«v#2?# t.i« effloiimoles c®r*oel co^sniotely tiii© dtetectors are ro- 
t t<NS .mS r^tlo is t^^en » 



f 



V,f 



I 



r.2 



'jj,t *t,i 



m 



Tm BXihmTXpta £ ««d Z indiOv*t« nd left isooitleno as'id 

erbltr'-rliy auidlerto ti.e defeestors. 



lset#etor« 

oeut-ron dcteetors WuXca wer© used ©;^loy 1S^’ 108 

tic p^sOT^ ior*^ Y?.i« or « Ic -tor i« s »stiectei4 ^cswsc of 

Ito »..ort doc y non-'Snsca^tibilitjf to e 4 K 5 ^r . nd i^ei^tlvo 

iisej^jciveitronoss. In pi stlc p-jOss>:.jO£‘ t e iseutrons rre detect- 
.bl* to©« urns of t/i.® iOTilsinc, properties ©f rrcollln 11 i-t 
nuclei— prlr.elpnlly .ydroivon* Ds;a« to t.jB ieotrop;^ of t-'.« .'5*p 
Bcsttcrtj'i^ crosm section for neutiw.* of t b •ner^'y ran e involved 
in t- is work, tn© ei^er l<s® of t.© recoil proto.va ro dietrlbutcd 
wnlfercily, Bsesusc t.jc li.";>t output fro--' t ic carbori r^*coiio t» 
rel tlvslsr t-.^e caribon oh**9 ml ff • ct t- /. porfom iiee of 



T..O detectors mem obW fro'' Stjclenr RitoiiprlseB 
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t.i« ^Setecuor In t .!« caperinent . 

T .e iSetoctors, H. leu were 5.06 x 5*06 x 8.5^ c in elss*. , 
wc*r« wr g{)ed oa fife eides wlti. Ittlnuu foil »i-. ic ctod » '• 
llS^vt j*eS*l^tor. 0,5 c.« t dek le«<S e..leld for tteau..i;lon of 
i^y.sr.i. radi felon *^lso surroundo t>iO aielntiXX tor, 'a RC# 68X0 
lontltuOin^l puotoiialtiplior tut>^ vlewsd t-.o ootntlXl^itor t.^roug 
A Luclfee llE*'fe pipo W-.lou clo»od fcs-o ot.;orKfl«o c^on oiid. 
purpose of .■ llA.>*fe pipe i« to perralt t *« Xoc felon of fe. ® p:>oto- 
ultipllcr fcufee out of sfer«^y a*i*^aetlc fields, Ttd« fo\irfeeen 
otot® pi ofeoauXtlpIier tuOe w. s aelectea feeeaime of Its ire out- 
put pulse, Wv.lc.i is needed for f«st cojUieldence «»ork, Tue p.^feo- 
tutoos were surrounded fey mi-net.l cylinder of 0.16 c.n t :lekue»s 
and wez'e f\ouuta«S In 0*95 t Ick rr«co iron outer cylladers to 
fm't .er reduce 1.^0 effects of str y n -.ignoble fields ax>d to serve 
i » supports for fe.^o tubes. I/iscri .:ln .tor« per-slttcd only pulse© 
corresponding to 210 keV eaerty or grcvtcr to bo counted. 



SCvttexw 



T<ie »a.-pi« vf Ic 5 was e jfjioyed to scatter t. o neutrons dif- 
rhe 

fared eppreclsfeXy frojs'^ucu 1 si* b or cyliider, 0 scx>us .).eliuc^ 
w ict was enelosed in s stainless steel co;it Incr served as t vC 
scattcrcr. T. ere ©re two re sons for usins. eiiit.j. It is a opln- 
soro riuoleue for w. .ic . t .« sc^tterin^ e© a .If ts are i*els- 

tlvoly well known, iis previously discussed* t i© isnalyslng power 
c*n tee oalcuXvted In t.:ls cas®, /ilso, t.,» recoil Ip*.-, p rtlcleo 
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c®usie! foa tsiear^s readily wlti^ a p..ofca-;A»l- 

tlpller tube, T»*l» per^titfs tl-e uae of colaci^erice fcec**nlqu«s. 
Requirlns coincidence between t«i-e piilces In plastic scln- 
till .tors due to tn« h£‘liu.-:i-'©catter«d narutrons end t.’^e recoil f.>o- 
Hiss aciattllatiori® reduces tack;:r©und. 

Ti-is fceliua cell was patterned after one i-^eported fcfy ft«E. 
Siv^aai (19^2). It mm constracted of type 30^ stainless steel, 
0,22 ca thick* ILe cell Is a cylinder with a basically '-je'-i- 
ep.:.erieai closed end (Figure 4). Tne interior of t-.e ceil is 
costed witn e thin layer of aluninum upon «..icn a 0.1 ca l-^yer of 
nj> Is deposited, fhe purpose of tiisee layers is to reflect tue 
li*,^«t of the irtelltK5 scintiilattons, T.^e open end of the ceil is 
closed by a teqpci*ed plate class disc axid a lAiclte iig!.t pipe 
Widely iSv^ a wifsdow to view t-o scintillations. Teflon: O-rint, 
is us«l for a seal between, tie jlcss and steel. A tiitn layer of 
dlp,henyl stllbene ^s deposited on tne and tne glees window 
to serve as a wavelenuta s...irter. The cell was filled witn s ue- 
liw.i:-xcno:i gas -^Ixtar® in ® proportion of four atsiss^rseres of 
xerjon to lOg ett^i^..ere8 of nellism* 

TUe {seciianis.i by W'icn t.'^e .aelium cell detects neutrons 
has not .been cou-plotely c^lalned (Huddleaton, 1^>0). hm It 1® 
presently umlcrstood., t^.e neutrons lose m nj^reciafele arount of 
tx&eir enero?' to tu« t'j&llvn ston. 0 , T.ie resulttns alpaa particles 
lose tLelr kinetic enei^jf prl-ssrily by electro.ne.jnetlc interaction 
wltn t,;.e electrons of t**e xenon a tons resultiikK iu Ionisation and 
excitation of t .e xeiKsn. Reco^r.blnation and deexcltstio?!, wltn 
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t .cir assocl lii:^ t of ©rdSBiooj folXow, eciatlll- ttou 

p'uleec ob«enr«<i consist of a lon^ liv«s3 (sloit) ar«3 * s.iiort llve<3, 
(fo.t) CO' portent, Prcsuna&Xy jpocojcOlnction, 1» a relatively 

alow procesa, account© for t,-.e »loi» co:"ponent eb»erved, end d®cx- 
cltatton, a i»acU faster process, aceou^it® fsr tm fast co/‘pon«r.t. 
If tl’^e deexcitatlon proocaa is one of rcoonsnee radiation, on© ex- 
pects tr.at t e resonance radiation leould be recaptured end roe JLt- 
ed :.eny tl.Aoa tM&fore It could reacn t..e p>.otocat:uOde. Trds would 
result la a loriisjer lived coaponent tnan is obeorved* Deexcitation 
of t..e xenon ato;so causes tlis fast pulse, ixit tno role played ^ 
resojiance radiation is queetloaeble* 

Tii© Xir,..t eritted In t doexcltation pit>cess <©« a dif- 
ferent be;«S of freq;uer4Cies rroi? tnat to w,JLc.. t.;© p..otocat..ode is 
Bcnsitivc. Trc diphenyl sttlbene coatins is used to convert t>ie 
frequencies of t -c p.^otons to t .ose of tne paotocat.iode sensitive 
region. 

To allow a dcternlr^tloa of t -® energy reooiutlor* of ti c 
cell, a alpue so*irce was introdueed t;;ro-u tae flllinj^, line 

as s.-owa In tae figure, Ueliua cell resolution te defined to bo 
enex’cy spread of the peak in t.^e pul©c-hcle^;t spectruai of t>e 
clp.ia partlalca at half itoxl,?xv^ hciij.-,t divided by t..e particle 
energy. T;ve resolutiors was deterrsined to be 15 percent. 



Electronics 



Each tl^ a neutron interacts in t. e plastic scintillator 




% 






or sii- liflflXiaa » pul*-* i» if.n T«v 4 in Ui «ot<€ • fepowiing: 

» A feXock 6l9Ljiymi of tl*s for eonv- rtiag tli e.' 

ss4I5j»j» into E5e4mX«i';ru^ iJtta I* sjJo«a in figws;*: “ . 

,Fu 1*^8 fO)»t ria- tija^iisi at th- pXat*'- ol tisr 

pG^totiih a of hoXlias c ii and <l.et?;ot5or« . ar“ 

In It^mlett-Faokai'd fe'ldv l» 2 ^ aa^Iifiv i»s utiioh iisalt ttkir* pulm a to 
l£?it wXte, i*cla^ lin^- cXipssing i» to ehiQ^u tii-- p»iia- a 

unlfomljf so a 10 n«-?c Midth, 10 ns-"© uula.^s aix th li^uta 

to tli-’ faat ®einoldenC'.> cireult ^lieh i« a saodification of on v^'o- 
jioac-0 E-,Hv Hilltsr {1959)* An^^tlseo a ai.vTiOl ftp^caa^* in a <5- t o~ 
tor oolncld-nt with on?^' frcKsi the h-riluca a s^al®-- 1» trena- 

laittod fjwi thg fast eoi!i» 2 iO ncr clr-cviit aauooiet*^ with that 
4 --t/^titor So th asij>rop£’lat ‘ trlpi* ©olncld'fio eircalt, %yi' d04-* 
hi* pji»” t^aolvirtg tin;'* of tir fast oc^-incld^nc. ciroi,it. i» aiioiit 
10 nat«* 

fact U'4»t a saintiilatlon 1® a ■ n ^ Ui »«i.t-ron ptso^ 
coincIC'.. nt with m.-? 1» th© h4-liS3 c. ii i^totuoe cSo'S not 
that ihrs'> b-. th sm. n ‘ttron os *.-t n 

On or both of ^aia-a h«%- , h<**'n daj^- to a 
h’-utron ex a O 0 ex:asi ra;^*. His- n a ir-utron 1« aoatt T'-d throi»ch a spe- 
oifie 49hRi'5,* th< feint .mt lea oj lastte isoatt ■# lav; reqr'i-lr^-s tlmt Ui 
i> utrons tr-aii«.f’'r m <J.-rinit' mo\mt of threi* to th- alpha 

Par'S!©!# end r-'taln th r^i«.irsirs^ pc^rtlon. In orsi^r to o» this 
prop^rt;^ "ttctnllnf , trip! ■ coincid . ?»©•• !■ chalQ^.5*»a aiv !ncorpo~ 

ratrcJ, 2fi|p©ta to tn. triple- coitriftiu nc circuit m4,s^mktr'4 at th 
itventh dynod e of thi'- ^io.totah«’« of ith -r th hvllt^ o 11 or th 
n x;t,x*os5, ©•■t'-ctor, A Iiam*^r $3^ aj;^lifi<ttB th h'^iiisss recoil pula- c 
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Block PiaLXa*? of turn Electronic Ap|>srat«». 
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a cJlaorleilrjstor 1« fcrlgc r apowftlna 

to rjsritrons «!hicii atr- tbzxA* *ii^ a e»'rt«tn aa4,i-^ lb* -at-i’. 

In Ofu-r to ©^ai.n s«i ot.t|H.ii isolo-fr fsxi^ tb »lcw< coiaold no cir- 
cuit, tnrt.t conditions »E*»t Uw? mtisfi-^^d. d't stor pula’' awet 
©oi*2^4W?OQs} to ft i'S" OoXl aiclntillatlori, aroS fcoth th:. o-i.ts'csa »mi 
alpha pula:*» issuat fe*". ticallj- AcotptaQl^ , Aapllfl^d lln er 

pul® a fsx3 « Uj® h^linsa c^-ix# «iii.ch aiv. aciaasipiWit'Xl a 
frets tisc slow ooliKiid no. circ,uit, ar<«, a ta® 

Hod' 1 ^K>** fsailtlohami - 1 anali^ss r and atnr d In ch«Br4^ Is 1 - xOO^ 
tixjo-c fron ttj” ”1019 . T*' ciroi;lt In cIsanfK'.ls ICa ^ .<50, *£his a^vle 
*xnnaiSv.« Uv? ijjput pula* ar^ r- oortSa it in a »p''-:cli’io whim 

6 pt.ndfi u|3on th- h^lg^t or of ti^ pul»a,. TSit» outpi^t os U>- 

usmij'mr ia a plot of of i>ux*a,a at a n'li^ a« a 

function of U»- n* ris^r, Xn ojt'd''r to ‘naisi'Uiin a oonstant ch'. o» on 

SijEC p-'-rfcan-siena of th- l-ctiionica olrouita and on tmr^t d t riot'* 

« 

ations scalar® » •’• uar»d to r'cerd outmt of th- 

slow cotnoi\ji:"tKi ■ oire^jita m’sc th- h llm c.ll iH'ia^s. Tipicalls 
t3v'.r*» W’-r aooat tJf/ ootaile jkt Eslnutw’' p-.r alow coineid .-ne cij.-e'oit 
r:gi©t t€ ^ tiv acal^'ra. 



?/ol- nold 

Sine n ulixui d-..ti‘Ctor t'fflot'-nei»a er** difficult to 



, Th. hOO oimm-l snal^E^f wa« ottain*^ fj:ms ’?.• ciKUcal 
ht Corp,, Iferth UnV'h, Cosm, 

*Ttw li-iclwas'-Cuteh^ Corp* of li'.lroa FarU* III-. 

ract.^r\'-a th « acal-ra. 
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determine absolutely, It Is necessary to tae detectore 

on cltiior side of the bo^t^/s to aeasuro an £ D5Trotry K*aet.xr one or 
two detectors are used in tae "typical rrrarii^e^'ent", T- 1» tntei’- 
c,"aRnne Is t^e weakness of tr^e systc: , Tno soattercr to detector 
dlatance oust be kept constant to avoid c tho detector 

solid ancle subtcridcd by t'',® ecattercr. B^stiae of t..e anisotro- 
pies in t::c dlffes'cntiai cross section, ear© also ust be taken 
to place tr.e detectors at t.i© sane sn^lc on fcota sides of t e 
be& . If proper radial distance and an^le are not ,'~aictetneci, 
false RsyrrietrlcB are introduced Into t.i.e sieasured qu'ntity* 



A jaet :od to ellr J.nate t*'eae false acy raetrltis rirst was 
proposed and etsployed by Hlll.ien, Stafford and (19^%). 

Tb© r^t .od utilises t .e rotation of tnc polarlSvStion vector of 
tne neutron beaa t;.rou 90® by t. e Laru’xjui’' precession of t e 
mupctic -!o;<?<nt in a unifor '■a^netic field produced by a sol' - 
noid. Wit-! tixe proper field is rotated 90^ about the bea. 
axis into tne plane pcipcndiculsir to U..e first refaction plane. 

The second reaction plane is now vertical and perpendicular to t..e 
first plane, and tii© detectors are fixed In t.uls plane* A aee- 
Burersent of Intensity is taen taken in eac. detector. By revers- 
ing t.ie field t.,e polarlxatlou vector can be rotated iSO® relc- 
tiv» to t.te vector direction in t *® first -jeasuresjcrtt was 

taken. This is entirely equivalent to tjovin.-. t i® detector to tr.e 
opposite aide of the incident been. The "rti^^t-left” ratio, 
Equatlori (9) beconea 
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( 10 ) 



iCicre t."’® eub»crlpfe» u &n& 6 r^fcr to ta® up *nC down detectors 
and £ »sid a to t‘a field directions parallel and antiparallel to 
t^ie fao:!!!entun vector Falea nechanScj^l a«yr:-?s’rtrles no lon.?;er 
enter Into ti® ei^erlfiant, and detector efflclenclca cancel. In 
fact, no beaus ssonltor 1 » •ncccssariy because only relative countln,t' 
rates ar® measured wi.an the data are analysed In t da imnner. 

T’-ils ncttiod also pcrnlts loro frequent Inters: ^. 004 , 0 ® of tre c*e« 
tcctors Is practical wlt;‘. a prsyslcal Intcrchc-nfo, T Is -In- 

i'nisca tim effect of Ion,;; terse electronics drifts. 

The La'rrsxKsr frequcfncy of procession of tuS neutron ..aiTie* 
tic jso'omit i» 

V « 0//^ H/h q» (II) 

Wa©jp® m Is t!ie nuclear s factor, ><y tc tne rjuciear s«aii;ncton, H Is 

^ II 

the jaag;iiotlc field, and h is Planclc*s conotant. If tn® neutron 
velocity 1 « V (esy^seo) and tne pata Icngta of t«e neutron in t-.© 
ragnctlc field X» Jl,^ tue field required to rotate tne fsa^neblc 
isgumnt thjpougii 9 CP is 

H * Vh/ (40/<^ J)) • (1^ 

If t.iO field is t.iat due to ®n inflMtely lon^ eoleitiotd one requires 

Nl » 0.94x10'^ osnipHSwns (13) 

n 

w icn the neutron energy is tceamired In HeV, 

T.i® solenoid M;dcn was used in tac pi*escnt eacperliient Is 
a “.’odular, air-core itolenold with tape wound colic wnlch are cooi- 

A 

ed by direct water contact wlta t .« edges of tac copper tape. 



*Tne Boiorioid wao constsucted by l^.jaion, Ino. of Caci-brids®, 
Mass, and is a ssodlfioatton of t»i€lr Flaa'.stfXiMC .odcl. 
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It . as a 5*72 C l dl«--v.eter ccx*c, Ti.t sol*fnoid ia co.:??o8«ffu or 
t .x'ec TCdules cticloard in an ^rriioo iron cc;s 00 five A 

0,95 cn t iick slab covers t .« top the crida ..avc a 3,io c* 

thick cover. Tr-e bottor of t.*c sole.iOid is open to provide space 
for cooltn wator and politer suppl;? con.iectio.jiB. Witi. t..e exist-* 
in*, power Buppl>'-— > 35 klloKett, 329 anpcrc t^snerator— t.ife 
tzm central fitrld stren^t.’. Is 7-S kilo,^.u3S. 

*‘lt t;:.e usv of t!.e (solenoid t-.e aios'c- 

nscntloned a«c..3nical ae^-.-ame trios, iioyttoaetrles cCiASt-d t.X: r»- 
vernal of t.^e nai^nctic flvld could be intZ'oUucea* r..« 
field sd^;t ..ave an effect on ti't p;kOtotubtn. IJ.iis effect was 
■■-inlrrlzed as discussed in t';c section on cetcefeore* Also t..v 
proton Ijean r'llgiit be deflected nnd caused to -it different poi’- 
tiona of the litr.tuii tsTiVt, isfsultin^ in a different 
tt.leknoss for various solenoid c;irreats, T.-,* fltild \fa» carefully 
s«-a»ui*ed arid the frin d.n^. field n&B dctoz*^n»<l to be less 
one g^auso In tne Tici?iity of t:*e p.iototubcs amd proton bcfi,u. U.ilB 
has a nsglicslble effect on ti-c: protor. foea.,.* Because of t.ic 
ohJ.eldins ejqployed, a field of t 4.S sa^nttude iv&s no effect on 
the pikstotube*. figure 6 indicates t <a p. ysicai configuration of 
t,»e solenoid end t. e field pr^xHtced by it. 



of tnc F^ethod 

ftll t .is . ay fee better understood if it is tied to^^ct.^r 
In a brief 8U3®‘'Kiiry wit. a figure st owin* t lO actual apparatua 
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Fifnsr© 6 

Physical trr&txc^m»nt of t-.i« f;ol«Dole3 tod It® Perfoi’v.anoe 
in Creating a Unlfora Lonii^ltuuiaai Field. 
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{Fi,y.*ro- 7). laving bi*crj accoXcjratiKJ by t -e Van Qrsdtf .or^n- 
tor^ t. •• protons ■««*<' on r fciri^ct. T oe* t»^u- 

trons V# ic p^serccd at n reaction anj;l 0 of 50®^ roletlvc to t.i^ 
proton b<*£:3 axis . Pd fc^eir polairlEntlon voctors rotated Into t € 
plsriw pttrptndic il^r to t e first roacticn plane ijy s lont^'^ltudliial 
: a^netlc field produec<3 vflt b solenoid. 7 c nentrons were Inci- 
dent on Q .eliun cell. 7.-OOC isl.lc’ vR'ro scattered t^’rovn.,** an 
©.•X.le e 2 «rrc detoeted by •■ pair of plastic scintillators. For 
t -Is work ©2 lOO® or 12(P dcpcndititi; upor* u.'ic' evi t *» r»at 
cr value for ?2 at a perticj:lar uanitron •»ncr y, FuIssk cmnv6 by 
neutreas w>.ica were of t. e propex' and wMc were coinci- 

dent wit'. «.elloi' x'ocoils of t o re< 5 Ui»Itc eo«ri^ were couiit*^! on 
scalCi’S end were resolved by ? ’~ultic‘*'anncl pulse- t analyser 
T :e asy xr^try was corpute>d fiOT ^q:.jatloris (7) and (lO), 
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Tl'^'ve 7 

Actxial Used to 

tue Polarisation or Soutrons. 




PHOTOTUBE 



Cneptcr IV 

m DATA ^KD TliE R1?SUI^J?S 



An«ly*l«.y tue <3at« ims process. 

ti># average iralue of t;se enalyaists power of .^eXit^© 
to be <3cterrJ.ne<J for tJ*e various neutron energica and snal^fslot; 
ang;X»8, and t..© true value of t.m asyaoatry itad to be estabJl8*‘ed 
by ttm eiirdmtion of backi::roimd and first excited state ncutrona. 



Calculation of Fg 

Fg(Ej^* $2) differs froi9 because of t^e geoni* 

etry involved. Inie to t:uj finite olzes of t. e scatterer end de- 
tectors, effects »uoa as j«sltipl« scatfcerine end solid anglea 
Ksust be considered. It was essoaed for t..e iiiltlal calculations 
that ju> mltiple scattering, of neutrons occiarred in t.t« i.ellam 
cell or in tie plastic detectors. Fg is a fiinctlon of t:.e effi- 
ciency of 1 1« neutr'on detectors r? (By^)» t-« differential scatter- 
ing]; ci'oss »€>etioji for neutrons on nelluia 0 ( 62 )* analyzing 
power ©f hcllur.t ®2 ^ geocsetrlc factor f( 62). 

fgCSjj# 02 ) and a (©2) detemslnod frou relations In- 

dicated In tne previoue c .apter. In ts.ese calculations t ms p^ase 
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©tilX’ts of Dodder Qa-nisel, q,uote«5 by Se*<jravo (1953) w«re us* '<3. 

Tr*® relative efjflcleocy of the plaatle acintlllatore Is 
givOii Xs:^ iSwavtz ma Owen, i960) 






(M) 



Where is tlie n'oiaber of JiyOroc^en atoa® per of scintillator, 

It 

cr is the neutron-proton scattering cross section, L is the 
H ~ 

ionsfch of tne scintillator, J'tMsSser 

of carijon ato.’s# per cks^ of scintillator, and (T^ tf*e neutron-car- 
bon cross ©cetton, Thit true efflcicrtcy for a biased detector can 
b© ealculsted frem 

’?(£„)“ (I -»/£„)•, <'5’ 



wticre B is the bias energy, Those efficiency curves whict* 
doterrained for tuis eaq^erii-sent are s.icam in yijrure 8. 

The g»or«tric factor next was ooc^uted, To ir^ploasent 
this t{*« detectoi*s %pcr® re^^arded as plane suii'accs, af«3 the h«- 
lli£r» cell and detectors were di\'ided into elglit sections (Ft^or© 
9), The probability of scattering froa cell aone ”1* into de- 
tector sohc * 4 “ is 

fj. » kxereo (|) K volume 0) * esqp {-i . /a )/^lj • 

Fro» cell segsaent ^1" to detector segraent th© distance is 
^ij^ the path length In ti.e ceil before rose liag volu?wr (i) is 
X is t;;» isean free path} k is a constant. The scattcrer 
to detector distance was 17*^ caa so that was approxlssitely a 



constant 
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Since areas of detector se*^^ 2 enta also sere eqtiial, 

f,, « k* X vciuma (!) x (*ij/A )* 

I) « 



(in 



Bccfi\js® t!.e differential ci^sa section was corvsidcred acparatel^, 
t.ie neutrons scattered frcm cell son® **i” iiae® cm equal probebil- 
tty on a t^r^tric basis of going into any detector cone, #i jJ-s- 
wa© constructed s'hemifi '5 t-c ^eonctric probe tlllty for a 
neutron*© ecettertns tarou^ ^2 *® * function of ® 

8i.]OOta curve was drawn t^^rsuja it, Values of tne ^ootaetric fac- 



tor were t..en deters^ned. froa the moota curve 
Havin , detensined these quantities, F_ 



2 * 2<^(epVV'?(<y 



was eveluated froa 

(IS) 



Ifultiple scsttcriHij. in t.te plastic scintillators was con- 
sidered because its effect is to increase ti-f.e efficiency j»nlin- 
early w 4.c*i in Uirn Influences , Ti,e total lii^rit output pro- 
duced by a neuti‘oa ioteractioa in t^;:© scintillator is increased 
wi«sn a neutron is cloubiy scattered frow protons, T.-iis is partic- 
ularly is)|>ortBnt w.^en a bias Is used because sou« scintillations 
w.-ich ot.<erwls« jrilgiit b» biased out aay be raised above the bias 
energy. To detennine w.^ether corrections for ssultlple soatterlnj: 
were requii'od, was cotjputod at 0 2 * 100® and 120® for t.^reo 
efficiency conditions, Tne efficiency was deterrilned for t two 
bias oorjaitions w .lcii ware used in tne ejq?eriaent, B** 165 keV 
and B » 250 keVj t.drdly, t.te efflciericy was taken to be unity. 
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It 1» net A rnpldlf wryl-u fuaetlon of »fflet»»*«|r t-.«.ic\ i« ^ 
mmA to eocTOftt for oeo tierin'^, rosult of oe 

for t^roo ooo«o ooo t iA% 4iff« ^ "o n o o in F^ *1 

liortloular *s$iers3r ««» i imrt l& 190* Sloe* ie not Imoim 
to oeourooj?, it wa» isot tmmi^ «ort".ir,ill.c to eorroot far «»i 

tipXo fNiottortai Is t;,tO ^iotootor*. 

?o foollitJit# tr.p« 003^t«ti«m of a < oXtlplo ooottorlna 
' oorrootiojs for luo nwtroao to t^,« uollyo t « oto-sOar^ 

aoou^tlon oil t^« first eeottorin^o too^ pXaoe at t o orrt* 
tor of « op;.»rl«ol ««ii ooo ooilo, v:^«n t « ottouyNtilo- of 
Moutroa flvix %.,rm^ t;.-« eootti.rer i# not. larto# otto.^ «• to t c 
prooont o«»4^ t>.4s io rooisouat^lo* T o ««1X 

«<S i&to toont^«f»ur Dtlso in w ie ^ oooonudi ao^ttori^K ooe-w. 

it first i«s8 detorsSLiiswS o.©t.‘4* i,.ooe ar^trono w.ic mr» ooat*- 
toootf fro>r t,!o oentor feit© o .ivsa bin aiMa t^-ou «8att*.p«<S • 
oowtf ti-o into t • e^tretor iiowIcS %■■■• e«ii o«4 

«|rS«otor er*»r-,4r I'^alro.aonto, Wf.oa t.^e to o-r*' a»tio- 

fieo» «j» off ♦olive vAlxm of ooo ©o-^t«4 for o^tro^io Aiitipl^’ 
oo%ttor««l ff<r* t. «f p«rti«wi^r bin. t •« «orr»«t<-e rolw of F^ «m 
oyoluatod fro^ 

O'**** Pjjjg, io t'o voiwo of Fg *o«p;it«4 aioo^i'nlo' oriiy olnicio «o*,lr» 
terliv., oocurrie, to %..♦ yoIu# of for rr^.ren» 

»o»4tvrr0 fro-i ooao ‘V ( rp. JICIX), r^ t« t ♦ zotio of t *« 

tlpl« ooottorod s^troH l-.t«Ti«ity fro« »•>- 1' to %.>- olo«i* 
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acatterad Intensity, Tfic results of tucse con;|>utffltlon» corre- 
sponding to E = 3,M SteT for the specific case cJl&ctussed In t^e 

r 

appendix are nirntti in Table 1, The raejclnua effect of awlttplc 
scstterins Is to lower Fg ty less tnan O.CX>2 while the cdnlaaM 
effect Is to reduce tols value by leas than 0,001 ♦ Since t.*is 
correction is negligible compared to the value of F wsilcn aver- 

Ik 

Seed about 0,55# the calculation was not pursued further, Ko 
other corrections were deterniined for the valtse of Fg. 



iJetercdnation of True Aaywsotry 

Valiics of the raeasured asyaiisetry had to be corrected for 
back^« 3 und contributions froin four sources, Two of these sourcca 
ware ccil-scattcred chance and floor-scattered ciienoe. The sum of 
tnese two sources was laeasured by a Type 1 oeasuroaent which con- 
sisted of inserting a 70 nsec delay line in the cable from the he- 
llwa cell to the fast -^incidence circuit. Beccusa t.h© resolving 
tl®*© of the cis'cult is about 10 nsec, this had the effect of put- 
ting the true counts out of coincidence, and only r«sidom counts 
would be recorded. Direct rmitron counts were oliBslnated by 
blocking the core of the solenoid with paraffin plugs in a Type II 
BB?asuroment, This yielded the sum of floor-scattered nonaal and 
floor-scattered chance, Th* 70 nsec delay was inserted with 

til© plugs in place (Type III) to measure the floor-scattered chance 
counts alone. Other background sources were considered In a Type 
IV lacaavjrcraent wltn a blank Ta end cap in place. The total back- 
ground to be subtracted Is 
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Table 1 






Jtaltlpl® Scattering in the n©lii«3 Cell 





Zone 


Neutron 
Ewstector 
Eeq* Sat, 


Helium 

Cell 

Req, Set, 


V X 10^ 


F* 



1 

2 



I 



9 

10 

11 

12 



15 

X6 



17 

la 

19 

20 

21 

22 

23 

24 



yes 


yes 


0,124 


0,53 


y «0 


yes 


0,132 


0.30 


yes 


yes 


0,160 


0.53 


y®« 


yes 


0,160 


0,53 


yes 


no 


0048 




yes 


ye# 


0.55 


yes 


ye# 


O.ISO 


0.55 


yes 


yes 


0.120 


0,55 


yoft 


yes 


0,163 


0.55 


yes 


yes 


OOOl 


-o.ia 


S^s 


ys# 


0,126 


0.35 


yes 


yes 


0086 


0,35 


yes 


no 







y«» 


yes 


0.224 


- 0.22 


yes 


yes 


0015 


0,60 


ye# 


yes 


0 .X 15 


0.60 


ye# 


yes 


0 . 3 fb 


0.45 


yea 


yee 


0.120 


005 


yes 


yes 


o.oro 


0.55 


yea 


yes 


O.OTO 


0,55 


ye# 


yes 


0.016 


0.80 


y«« 


yes 


0 . 0 G 5 


0 ,^ 


yes 


ye# 


0,056 


0,60 


yes 


yes 


0 ,C^ 


0.60 
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BCGltD = I + Tjtpe II - Typ* III + Typ* IV, 

Ttie fiv«r«g» value of tfto total backe^urKl weft 5«5 percent, ond 
the value was only T*5 percent at E = 3.0 MeV wlt»i 

tr 

© 2 = 120° , Total backjround coniteted of approxlceitely e<|ual 
coatrtbuttouft fro« Type I find Type II iflth- ot^^er sources bein. 
aljsost negHislbie, The polerlsatlon of the baokj^round tms con- 
sistent with scro. 

In raost cases the resolving power was not sufficient to 
ssparato coapletely the neutirotis which leave Be^ in t)*e ground 
state frow tliose iCilch leave It In the first excited state (?ig- 
wre 10), Since the purpos® of this woxilc was to measure the po- 
larlaetton of only the gi’ound-state grD^;!p, separation was dcBli'- 
able. To elijalnate the effect of tiie first-escited-atate ipcoi^, 
wJilch coj^rlse about 15 percerxt of tae fli^x, a plot of the asym- 
wetry as a function of the lower cutoff cliannel In the integrated 
pulae-h«?lj^it spectitm was made. Tuc finst-excit-^d-etate sr®up 
IxSiB less energy than tho i^round-atate group of neutrons so that 
as the lower cutoff channel is raised, the first -excited -stat< 
group siiould be ^ Urinated, Bccaose this group is known to h&VQ 
a low polarisation, one capects that the fisymeti*y would rice arid 
then level off as these nv-ufcixsnB are eliminated (Figure 11). Only 
the charmels which excluded this group were included in the deter- 
wlnation of th« values of The value of the plateaus in the 

figure w.'iN taken to be the asynmetry for the ^round-state group. 

Tbf-> cxperirjental ejr«3 CElculated results are pres-nted in 
Table 2, In this table th». spread of proton enei’gie© is inuicated 
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Figure XO 

Fulae-Uelf^t J5pvetr'<an of the Mellijaa Eccoil» in fcne 
HelliaB Cell, The of tj» heliusa ecll to resolve 

tlie two neutron gro'jgjs Is apparent, Bccauao the cell was 
Buh^ect to total ceil Irradiation, the resolution (defined 
in Clfiapter IH) is poorer t-mn when It waa detexinined for 
a point alpha aourcc. 
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Eiiralnatlon of the Firct-Fxclted-State Group 
of K!«utrons froa the Anymetry* 
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KeeuXts of Megsuraacnts and Calculation* 
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by tito targefc thlckness-^thc energy Xo#s of proton® of cnet^ 

Ep in passing tiiroug^i th« 14.. Here, Sp 1» the aversige proton 
energy for the aeaauroj^ieot. The values of P^Pg have been cor- 
rected for teckc^round and tJi« effect® of the firat-cxclted-etate 
of neutrene* 



m 







e^ma,%9 eX fP^sott sr* |»I'»i;'6*o •» 

Fisux*® I2i 9l9m «lt)i tm r^miltn 9t pfif%mt9 tor 

m^m of 9o*ipm^9&fi, A •aoo^s^l^ wjrinc 9»6 §:mf*v9lly li«ero« 0 la:» 
vc.l.«Mi ot poiarlKSiti&ia m &<•» iixr^ii — 1« iaiAiejit«4 ^ tw- 

rosuits. mmm.,. imrSAtlea iriti^i t lat 

pklpi KMtvld IM nimt tftirre •?« oo mrpm x^vdOAtMiHrit la 

rt*etion ere«s vtcuon in tbit irosicm, 

Th* WhltM 9s>t opt w»-- 

vintlorji »«9oelftt«d witTi %u» oountin^ •t€ti*tio» •>nly mt 

i^ p»int« tlm^ *m69tt9lnf3f im 0PV»t%r tnaa 

t*A ct»t.i>ti«ai om 9t<999, 4t thlii oawrt? luPiponivftt o«r- 

l*«i of wmmamrnBnt* wm% of tt«* first t^m 091 ^ 

r^r? «MI dri;*T9Mtaiid iflts. m odtols of iOG^« t^-| St 

lQ(f, osKS Sc>sin ft% l(Kf « ttM M— t istsS st 

t*»o tor tse l»tt><r tm serlvs Ji»r^ p^lts »»U. Sm»* 

*>r*o» imii/s of yw MQPMtrjr t opjj pwi is ti^t nm m^vUm ^1 

tidSO of t<r* tMw ©sriT« »t lOCP bf 0*03 «vtn 
ttap^ lodiirioasx Msi^^wMto to s stjotlstiooi ««- 

MPS 09 of obim*t 0 » 0 i, y ooo ft toi tfUl# 4*victioo is not oii-^ir 
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Figuj?® 12 



PolarlEation of ISeutron® tn Ute Region 
Ep = 3.0 to 4.0 MeV. 




PROTON ENERGY (MeV) 
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and fm!'j In To ccomt tor t.v ptoaalvlUtjr 

ti? differ- .%«!•- j«»i? d: du. to an uai'.nown bec^^iyownd ox* in- 
»ttv»^ntal inoOl- « »«oclat -o wit^> low n«.utron o -rsl'*» tr- 
<|.iOfe -4t twor for 100^ «iea».?resscnt n«a l>- n dOwOlvd. t 
©tfi.-r •« r$i«» w>* rssined at Jpoti* ~ 

W^' r aulta w-r »t«tl«t.tcaXiy con«l*t^!^Dt. 

Tns Quot^KJ atatiatioal • rrora wcr «rriv«rd at th« -a 
of -s|>j^«aAon (Cr»ai', 



^ . = |Z ^ (^%)^ . 

-J 1 

H vk _ i» a foncUon of t.>* s.j_. Xn t-. s -nt laoc^ , tiiio o «<».•>■© 




18 t*;j: aK-setired my-x^ tvy and t.y !,*« ar. t** lut-n«l- 
ti*'8 «,*tc.., .i8V< b> corr* ct-.«s for feackgroiiJi‘.i, Tii*- 8a&«c**it«t8 
laiv* ta - sane TPcarUng; a» in •^jw’tion (10). 1?».ii» aas.^.s t -st 

int ari Foi»»on dlstri-yat^d is quit-- r all8i-tc ai'iC 

tv. prooafciilit^ ©r an la Ssofco os«il ami co^astant. 

•' a>^coi»- aourc' of iTor la t-««t aaaoclat d witv* It 
^m» tn- a atlssotad a»*-ts«ril (19-3) t:iat t».f caXouXatcd vaiu*e 
©f &ro kJMsaei to t n ro.nt of tr.*' c©rr« ct valu . T^:- 

r»'C tit .Kiac«r*.-v nta of *iiiy» •alt;* r, aad Barac. ail (l>'- 3) ahow t;»at 
p rc.nta^ v*sqi b a cona •**'■ ativ* «ti*’set f©*' t^J pr;'e«.nt 
n- - ti'on i'{ i^'B. -n ir^dlcation t^at t;.l» soore* of iTor t*: 
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mftllvr in tiui sxresent *3q?erinn?nt 1» the consistent value of 
deternini»S at both $^= XtCP and lOO^' at th® 3*^ p©int. Roa- 
#iirc»aent« of th^ value of si^e planned In tha near future at 
tMs laboratory, it tiiat tirse the uncertainty In Pg can bo eval- 
uated iBore definitely. In the uncertainties quoted for In 
fable 2, page 51 a the uncertainty in Pg has been neglected, 

Alttvjuf^ the sjp^ratus which was used in this eaqseiinent 
Is adequate to deteminc the asycsiotrlea which were weasured, the 
saethod is Halted botii below proton energy 3 and above 4 
The u{?pcr boundary la caused by the desigfi of the Van de Oreiff 
generator* The lower limitation is to the low Intensity of 
the scintillations in the heliuiK cell, it tiio associated neutron 
encrglea below Ep = 3,0 IteV, tlvc hellxsa recsoll pulse else is so 
sioall as to be hardly distingudciiabl® frwi the lar^ of 

bttckgrixind pulses produced by phototube noii»e and gs«swm radiation. 
As the energy is lowered further, one, ca«s f» lons^r be certain 
that proper neutron pulses and not background p?Jlses are being 
counted. 

As seen in the figure the trend of the cspisrlatenital points 
agrees with the trend which Baicker and Jones (i960) observed, but 
iq;>eclfla values of the two esperirnenta are sossetimes quite diver- 
gent, At 4*0 MeV the results agree very well with Ctsmberg (1959) 
and Benenaon at gl* Ci9&2). The x'csults of Benenson et ai. have 
been corrected by ttw? author of the present paper for the effects 
of the fix’^st eatoited state group uslns the relative intensities of 
th« two groups es reported by Bevington, Eollsnd, and lewis (1961), 



If 




ntt 



.» the ^■■!vrgy is d»eri:s«e<t, ts s ral agr-i'.wcnt until 

til* 3.fc fS«V point 1» reac..‘*d «ith the -hcc-ptlon of the Cranb- rg 
(1959) point at 3.*^ MeV wiiich Is considarahly hleher tiian th- 
ovomll tr^nd. In aaalyains data, Ci’anhorg um6 the values 
of polarlssatlon foi* scattering csalculated Ijy Levlntor, 

Simassiiev,, and fflller (X957)» Althougji an incox'rect phaao shift 
w®» used in' their calculation, it ?iad little tfset on at the 
enor^gles of Cranlxrg** L-xp^^rismat . Correcting Qt'nnbtr^* » vaiu^ 
for trs.e effect of this error «3oc» not bring it Into 
wita the present r^eulta. At 3.0 arid 3.3 l»la.7 ti>. i*e»ults are loa** 
or* and nX^'tcT reep*ctlvel5' than the consensus of t^ie pr^'vious 
»or5?. ikjwever point© agr»>«> wsill with the pstt'»rr» of Strlesx-1. 
Barden, and Haeberli»c (1956) wor-lc ix?loy 3.0 JlcT and follow the 
tr nd of slowly values wiiicii was C38p^-otfd. F.valii«.tion 

oi tho n.;,.w data relative to %m»n‘ of Balckar and Jonis (19o0) aoU 
Stria h':! ^ (l^t^O) Sitould be ttiapcred not only by tlu statis- 

tical ur.c r taint les but also by th* fact t!„at ttv w/‘ esperisr-nt- rs 
op rating with a background of about pss'C'-nt wr.er as co- 
incid:. nc- t c;miQuii'8 rcduc* d t:'*e present bseJeground to about 9 
pierce nt . 

It is to be not<*d trmt ail cf Uie alxjvv ».xperi!acat.:r« us^^d 
as an analyser xeept T-lwyn aiid Lana (19^2) and Strlcbel, ^ 
el, w.io used 0^^. f.hus t'x deviation befc*4-%n individual points, 
walc-'» is noted, carmot be attributed to uncortaintl>;.'S in tho valu^ 
ol Pg. 

In cotocluoion, bf, caua- th»# polai’isntion of tjy. n:.utroas 



la ind t.v- cro.’js s.-Hjtion fov t ic rf'Sctlcn le t.A 

i.i’'(p. r')Dc^ lection lo useful e» a «ou3?c<* of polarl 2 «d iw*5tro«ia. 

neguitude of iy»^ polarlE-tion of neutix>r.c at ait ^njla 

of !;0® relative to t x pr*oton bca- axis la tito r^feaction for ta* 
r*C‘i;loa of proton encrci«s 3 to ^ la now known wltf; relatively 
accr-racy. *c iKjold t>e expect wd by t!ir lack of reuoaswic* 
atreoture In tie total crocs section for the I’^ctlon In tMs re- 
gion, t>.e po lari motion, vos’-i'^s ersoothly. Because tl'vese fects arc 
rmcm wall known, jx-action la such tseee \:acful as a »m-a C' of 
polarised neratrona at proton enorf^ie® to ^ I^¥. *bove tids 
efy'r.jy t’«r nen\trona arc I'^-as useful boost^a.^- of t-i*' difficulty of 
r'csol'virw; fee two n^utinan enn^s emd the d-' err'asin:, . ja^iitude of 
the- polarisation of t.w’ jv*utn> .b. 
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f4uXtipl6 »catteriJi{S coirectioiic usis&lXs^ cannot be c»lca- 
Xatcd bcca«»o to Cto »o requires a knoKlcdsc of tiK: triple ecattei*- 
itik> poraOTtera «^*lcn ar® genereXX^? ujoicnowsi, I.n tbe present iiorte 
two of theao pararoterc ar© j^Xlcable. IXie dcpoXarlaation pai*- 
aaoter jD 1® roXatad to the cot:j)oncnt of tlic polarisation vector of 
the scattered neutron which Is norsiaX to the sjoond ocatteriag 
plan© after the second scattering* This corponent wiXi be caXXed 
the B cooponont, TtiCt rotstiem pcraacter E is a function of the 
nscpnltudo of the polarisa>tion vector pcrpcncSleuXar to both th^ 
vector describing: the second acettcring plane and tlic «»«»r*tuEa 
vector of til© nsutren after this scattcrd.ng* fills eor^^nent will 
be referred to as fell® E caOEsponent. 

For the case in which thm second scattering in feito hcllua 
c>- lX is in a piano parallel to ths aecond scatteriag plane, the 
C cojaponent of the polarisation is cff*ctive* The aeryrvictry is 
tiven toy (Wolfenstcln, 19TA) 

•3 * 

Khsre polarisction associated wiUi the third scattering, 

Pg with the second, and with the neutron producincs reaction* 
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Because ia tue casa of scatterias tror^ spia-acro msclti tl» 
nltude of th« j^olai'isatloa pai^lXel to ^ Is mt chanjsd^ tac cl-: - 
pelarlzatioa paraiaotez' B la unity (VoXTcnctclo^ 195 ^). For tiJ.© 
ca^€ Ef^uation (22) becomes 

.3 -P3P2 W • 

errective analysing povier I’or & acutitja taultipXy see.ttercd in 
this plane is 

r * « 3 /^ * 

If the ©econd scattering in the heliuta cell t© In a plam 
nonml to x k* , tho ai^raEsetry is (Wolfenstcin, 195^) 

S 3 

^z'WV 

iihei'c ©3!© the angle <S«?seribed tjy k»^ araS k'*^ ail'J.ch are the wo~ 
aentusa vectors ot the sinsly scattcr€!<i and rmitiply scattered neu- 
tvom rcft^etivcly. Because of th® difficulty of the co^iitatlons 
retired to evaluate tiio R pai’aoeter for ail angles, it was not 
calculated for the pj.’escnt oorrcctlons* The aaadLiaija and ainisasa 
effects of mltipi® aoattej’ing whicti oorrci^rkl to tJie liyaiting 
val\W5S of R> - 1 and +1 rei^ctivcly, wore detersinod. Table 1, 
page shows the values of f • ii^en R ia +1, Further and lauch 
r»re detailed work on asuitlple eostterlns will he done in the near 
future in oonlunctlon with tiw ©aiiae eacpcidjacnt refciTod to on 
57 * Tho effective analysing power again is ,ivcn by Equation (S^) 
with the aayrataetsyr given by Ecyaation (25)* 
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Ufkc conwctlon to F loas df^tc«dn»d bj* cJlvldini* the c 11 

into ttsK-Tity-four bin* in ouch a mrm<*r tl-iat the center of o»ch lay 

in a plane cither pairallel or peipendlcuiadr to thif» oecond seatt^« 

plKLn» It ?)Ki« escuKrd that all the mltlplo ecatterinb'S In a 

jet von bln too>: place at ti;ft center of the bln. Having detemlnerd 

F’, th* corrcctlcn to F we» cooputed a« dfsacribed in Ct^japter III, 

£ 

The corrections cctorrdncd in thl» Ktanner were of much low 

that s»r« detailed calculations were deeded unnecoo- 
»»ry at ttilo time. 
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